Under diazotrophic conditions in the absence of molybdenum (Mo) and vanadium (V), Azotobacter vinelandii reduces N2 to NH4+ by using nitrogenase 3 (encoded by anfHDGK). However, dinitrogenase reductase 2 (encoded by vnfH) is also expressed under these conditions even though this protein is a component of the Vcontaining alternative nitrogenase. Mutant strains that lack dinitrogenase reductase 2 (VnfH-) grow slower than the wild-type strain in N-free, Mo-, and V-deficient medium. In this medium, these strains synthesize dinitrogenase reductase 1 (a component of the Mo-containing nitrogenase encoded by nifH), even though this component is not normally synthesized in the absence of Mo. Strains that lack both dinitrogenase reductases 1 and 2 (NifH-VnfH-) are unable to grow diazotrophically in Mo-and V-deficient medium. In this medium, NifH-VnfH-strains containing an anfH--lacZ transcriptional fusion exhibited less than 3% of the ,B-galactosidase activity observed in the wild type with the same fusion. P-Galactosidase activity expressed by VnfHmutants containing the anJH-lacZ fusion ranged between 57 and 78% of that expressed by the wild type containing the samne fusion. Thus, expression of dinitrogenase reductase 2 seems to be required for transcription of the anfHDGK operon, although, in Vnft-mutants, dinitrogenase reductase 1 appears to serve this function. Active dinitrogenase reductase 1 or 2 is probably required for this function since a nijM deletion mutant containing the anffl-lacZ fusion was unable to synthesize ,-galactosidase above background levels. An anfA deletion strain containing the anpfH-lacZ fusion exhibited ,B-galactosidase activity at 16% of that of the wild type containing the same fusion. However, in the presence of NH4', the ,B-galactosidase activity expressed by this strain more than doubled. This indicates that AnfA is required not only for normal levels of anfHDGK transcription but also for NH4'-and, to a lesser extent, Mo-mediated repression of this transcription.
The regulation of the expression of the three nitrogenases in Azotobacter vinelandii is responsive to the presence or absence of ammonium (NH4'), molybdenum (Mo), and vanadium (V) in the culture medium. The synthesis of all three nitrogenases is repressed by NH4'. Nitrogenase 1 is found in cells grown in the presence of Mo and nitrogenase 2 is expressed in the presence of V but in the absence of Mo, whereas nitrogenase 3 is synthesized only in the absence of both Mo and V (4, 9, 13, and references therein). Our knowledge of the molecular basis for nitrogen and metal regulation in A. vinelandii is still rudimentary. The regulatory genes nifA, vnfA, and anfA have been identified, and some of their functions have been described on the basis of the phenotypes of NifA-, VnfA-, and AnfA-mutants (1, 14) . The nifA gene product is required for transcription of the structural genes for nitrogenase 1 (1) . NifA binds to an upstream activator sequence (6) or indirectly represses the synthesis of nitrogenase 1 in cells grown in Mo-deficient medium with or without V (14) . anfA deletion mutants were unable to grow diazotrophically in Mo-and V-deficient medium (14) . The factors that regulate vnfA and anfA are also not known. Additional regulatory genes, designated ntrC and nfrX (28, 32) , have been described. NtrC is required for diazotrophic growth in the presence of V but not in the presence of Mo or in the absence of Mo and V (32) . NfrX, on the other hand, is required for growth in N-free, Mo-containing medium or in medium lacking Mo and V but not for diazotrophic growth in the presence of V (28). It is not understood how the products of these regulatory genes act within the regulatory circuits for expression of the three nitrogenases.
In contrast to the structural genes for nitrogenases 1 and 3 (10, 15) , the structural genes for nitrogenase 2 are organized in two transcriptional units (16) . This allows the independent expression of dinitrogenase reductase 2 (vnfH gene product) and dinitrogenase 2 (vnfDGK products). Unlike dinitrogenase 2, dinitrogenase reductase 2 is present not only under diazotrophic conditions in the presence of V but also in the absence of Mo and V, conditions where nitrogenase 3 is present (3, 8, 25) . Dinitrogenase reductase 2 is unlikely to function in a catalytic role under Mo-and V-deficient conditions because purified dinitrogenase reductase 2 does not effectively complement dinitrogenase 3 in in vitro assays (8) .
Nevertheless, the vnfH gene product is important for diazotrophic growth under Mo and V deficiency because a VnfHstrain (A. vinelandii CA80) grew considerably slower than the wild-type strain CA in Mo-and V-deficient medium (16) . 16 This study 12, 17 This study 14, 17 This study 14 This study This study 16 This study 26 This study This (23) . When A. vinelandii strains were transformed with pMJH3 containing an insertion of TnS-B21, transformants were selected initially on modified Burk medium containing tetracycline. These transformants were then tested on medium containing both tetracycline and ampicillin in order to detect transformants (Tcr, Aps) in which a double crossover between homologous plasmid and chromosomal DNA had occurred. These transformants were subsequently tested for their ability to grow diazotrophically under different conditions. The locations of the desired genetic markers on the chromosomes of some of the transformed strains were verified by Southern hybridization analyses.
Two-dimensional gel electrophoresis. The A. vinelandii strains were derepressed for nitrogenases 1 and 2 for 3 to 5 h, and, for nitrogenase 3, the derepression time was 12 h. When possible, cells were grown to a cell density of 70 to 100 Klett units in N-free medium. Cell-free protein extracts were prepared as previously described (2) . Isoelectric focusing and sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis of proteins in cell-free extracts were conducted by the method of O'Farrell (22) I8-Galactosidase assays. The A. vinelandii strains containing Tn5-B21 were grown in Mo-and V-deficient Burk medium containing ammonium acetate (2.2 mg/ml) to a cell density of 70 to 100 Klett units. The cells were harvested and resuspended in four different media. These media were modified Burk medium containing ammonium acetate (2.2 mg/ml), N-free modified Burk medium containing 1 ,uM Na2MoO4 or 1 p.M V205, and N-free, Mo-, and V-deficient modified Burk medium. Samples were taken from these cultures, and the accumulation of P-galactosidase was determined at various times after the onset of derepression. From these assays, a derepression time of 12 h was determined to be optimal for the comparative assays. Ten-to 50-,ul volumes of these cultures were used for the P-galactosidase assays described by Miller (21) . The cells were rendered permeable to proteins by the addition of 50 ,u1 of 0.1% SDS and 30 p.l of chloroform to the assay buffer.
RESULTS
Growth of mutant strains under diazotrophic conditions. The growth characteristics of the various mutant strains are summarized in Table 2 (18) , the niJf deletion strain DJ136 is unable to grow under any of the diazotrophic conditions listed in Table 2 .
The growth characteristics of the vnfDGK deletion strain RP114 and the niflDK vnfJDGK deletion strain RP206 were reported previously (24) . Both strains grow under Mo-and V-deficient conditions, but growth in the presence of V is considerably slower than that of strain CA. The VnfHstrain CA80 exhibits wild-type growth under Mo-sufficient conditions but grows slower than the wild-type strain in medium containing V or in Mo-and V-deficient medium. Strains CA11.80 and DJ54.80, which lack both dinitrogenase reductases 1 and 2, did not grow under any diazotrophic condition. Strain DJ33.80 does not grow under Mo-sufficient conditions, but growth in the presence of V and in the absence of Mo and V is similar to that of strain CA80. Growth characteristics of the VnfA-strain CA46 were reported previously (17) . Because of the inactivation of vnfA, this strain is unable to synthesize nitrogenase 2. However, the lack of VnfA causes strain CA46 to synthesize both nitrogenase 1 and 3 under Mo-deficient conditions (in the presence or absence of V). Presumably, diazotrophic growth is due to nitrogenase 3 under these conditions. Growth under Mo sufficiency was identical to that of strain CA. Strain CA11.46, on the other hand, did not grow under any of the diazotrophic conditions mentioned above. As described previously (14) , the AnfA-strain CA66 grows as well as the wild-type strain CA under Mo-and V-sufficient conditions but is unable to grow in the absence of both metals.
Two-dimensional gel electrophoresis of protein extracts from mutant strains. The presence or absence of subunits for nitrogenase 3 or for dinitrogenase reductase 1 or 2 in protein extracts from cells derepressed or grown in Mo-and V-deficient, N-free medium is indicated in Table 3 . Protein extracts from cells of strains CA, CAll, DJ33, and DJ54 contained the subunits of nitrogenase 3 (products of anfH-DGK) as well as the dinitrogenase reductase 2 subunit (vnfH gene product). Extracts of cells of strains CA80 and DJ33.80 grown or derepressed in Mo-and V-deficient N-free medium contained lesser amounts of nitrogenase 3 subunits than those from wild-type cells. The vnfH gene product was not present; instead, a small amount of dinitrogenase reductase 3; however, dinitrogenase reductase 1 can substitute for dinitrogenase reductase 2 in this role. Results of 3-galactosidase assays with a NifM-mutant containing an anfH-lacZ fusion suggest that active dinitrogenase reductase 2 is required for transcription of the anfHDGK operon and, hence, for expression of nitrogenase 3. This interpretation, however, is based on the assumption that the nifM deletion results in the expression of an inactive dinitrogenase reductase 2 as well as inactive dinitrogenase reductase 1. Since the nifM deletion strain DJ136 is Vnf and Anf-as well as Nif, it is highly probable that this assumption is correct. Nevertheless, a study of VnfH-mutants with point mutations in vnfH will need to be conducted before this conclusion can be substantiated.
The products of vn.fH and nifH are very similar proteins (91% identical amino acid residues) (16) , yet it appears that cells which synthesize dinitrogenase reductase 2 are better able to express nitrogenase 3 than are cells that contain only dinitrogenase reductase 1 (e.g., strain CAll versus strain CA80; Table 3 ). This could be due to the minor differences in the amino acid sequences of the proteins, the lack of additional factors such as the ferredoxin-like protein predicted to be encoded by the open reading frame located 3' to vnfH (assuming that polarity caused by the interposon insertion in strain CA80 prevents expression of the Fd-like gene) (16) , or, more likely, the different levels to which the two dinitrogenase reductases accumulate under Mo-and V-deficient conditions. Differences in accumulation of these nitrogenase components could reflect differences in rates of peptide degradation or synthesis. The fact that dinitrogenase reductase 1 accumulates in mutant strains CA46 and CA80 (Table 3) are, in some way, involved in V-mediated repression of anfHlDGK.
Although we do not yet understand the role played by dinitrogenase reductase 2 in the transcription of the anfH-DGK operon, one can speculate that this nitrogenase component could interact with the transcription apparatus or with anfHDGK-containing transcripts. These functions might also be carried out by factors that are influenced by dinitrogenase reductase 2. On the basis of the known requirement of dinitrogenase reductase 1 for the synthesis of FeMo cofactor (27) , it was considered possible that an alternative nitrogenase cofactor (e.g., the putative cofactor for dinitrogenase 3) was such a factor. However, nifB, a gene which has been postulated to be required for the synthesis of all three nitrogenase cofactors (12), is not required for transcription of anfHDGK as shown by the expression of the anfII-lacZ fusion in the NifB-mutant CA30.73 (Table 4) . Accordingly, it is unlikely that dinitrogenase reductase 2 acts indirectly through an involvement in the synthesis of a nitrogenase cofactor which in turn is required for transcription of the anfHDGK operon.
When wild-type cells are grown in the presence of Mo or NH4+, the anfHDGK operon is completely repressed. However, in an anfA deletion background, regulation of this operon is altered, especially with respect to repression by NH4'. AnfA-cells (strains CA66.73 and CA11.66.73) accumulated twice as much P-galactosidase in the presence of NH4' as in its absence. The levels of ,-galactosidase in these cells, however, did not reach those in AnfA+ cells derepressed under Mo-and V-deficient conditions (Table 4) . RNA blot experiments also show a decreased accumulation of anfHl-hybridizing transcripts in cells of strain CA11.66 as compared to those of strain CAll under conditions where nitrogenase 3 would be expressed (24a). Finally, it should be mentioned that Mo repression of ,-galactosidase is incomplete in Anf cells. Thus, it is evident that AnfA not only functions as an activator of the anfHDGK operon but is also necessary for full repression by NH4' and Mo.
In summary, dinitrogenase reductase 2 is essential for expression of the structural genes for nitrogenase 3, and AnfA is required for full expression and regulation of these genes.
Further study will be necessary to gain a better understanding of the complex interplay between the numerous components involved in the regulation of the three nitrogenase systems in A. vinelandii.
